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Introduction 

This document has been submitted to Universal Technology Corporation (UTC) 
to serve as the final report for Chris Muratore working for the US Air Force Research 
Laboratory (AFRL) through Universal Technology Corporation under contract number 
F33615-03-D-5801, Collaborative Research and Development task order 531-20 from 
August 2004 to May 2008.  This work has centered on the development of novel plasma-
based processes for materials to reduce friction and/or protect against wear.  The work 
has been diverse and extensive, with applications ranging from high mach engines to high 
frequency micro-switches.  Enclosed is a collection of seventeen peer reviewed journal 
articles authored or co-authored by Chris Muratore while working under this contract.  
The papers should effectively account for the technical work completed under this task 
order at AFRL, and with collaborators in industry and academia. In addition to the 
technical work featured in the journal articles, Chris also worked on proposals for 
funding, mentoring and advising of graduate students as well as post-doctoral 
researchers, laboratory maintenance and management.  He presented the data at 
conferences, with three invited talks, and was a session chair at several conferences he 
attended. 

Explanatory notes for journal articles 

All papers are numbered to assist the reader of this report.  The collection of 
papers are divided into two categories; 1) authored papers and 2) co-authored papers.  
The papers in each category are currently numbered in chronological order. Below, a 
brief explanation of the nature and extent of the work performed by Chris Muratore as an 
employee of UTC at AFRL is presented for all papers. 

Authored Papers  

1. Growth and characterization of Nanocomposite Yttria-Stabilized Zirconia 
with Ag and Mo. 

2. Tribology of Adaptive Nanocomposite Yttria-Stabilized Zirconia Coatings 
Containing Silver and Molybdenum from 25 to 700°C. 

3. Molybdenum Disulfide as a Lubricant and Catalyst in Adaptive 
Nanocomposite Coatings. 

4. Multilayered YSZ-Ag-Mo/TiN Adaptive Tribological Nanocomposite 
Coatings. 

5. Adaptive Nanocomposite Coatings with a Titanium Nitride Diffusion Barrier 
Mask for High-Temperature Tribological Applications. 

6. Oxygen Plasma Treatment and Deposition of CNX on a Fluorinated Polymer 
Matrix Composite for Improved Erosion Resistance. 

7. Smart Tribological Coatings with Wear Sensing Capability. 

8. Control of Molybdenum Disulfide Basal Plane Orientation during Coating 
Growth in Pulsed Magnetron Sputtering Discharges. 

Papers 1-5 focus on high-temperature adaptive tribological coating materials that 
demonstrate multiple adaptive mechanisms that change the surface chemistry and/or 
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morphology in order to provide a low shear surface to a sliding contact.  Initial 
mechanisms were diffusion and tribo-oxidation (1-2).  Later, techniques to modulate 
diffusion (papers 4 and 5) and employ catalysis for the production of novel solid lubricant 
phases (paper 3) were explored.  These materials are unparalled in reducing friction over 
a broad temperature range of 25-700 °C.  These materials an techniques were developed 
by Chris Muratore at AFRL in cooperation with Andrey Voevodin and others as listed on 
the papers. 

Paper 6 describes a novel plasma treatment technique that enables depostion of 
coating materials on fluorinated polymer surfaces.  The paper specifically describes a 
carbon nitride material that was effective in reducing erosive wear of polymer composites 
with a fluorinated polymer matrix that has mechanical properties that are suitable for 
propulsion applications.  These materials an techniques were developed by Chris 
Muratore at AFRL in cooperation with Andrey Voevodin and others as listed on the 
papers. 

Paper 7 describes a new in situ wear sensing technique useful in the laboratory 
and potentially useful in AF applications.  Thin layers of different materials that fluoresce 
with characteristic spectra under laser illumination were deposited throughout a 
tribological coating material.  By monitoring the light scattered from a worn surface, the 
extent of wear could be determined.  The concept was co-developed with David Clarke at 
University of California at Santa Barbara, and apparatus for testing was developed by 
Chris Muratore at AFRL in cooperation with Andrey Voevodin and John G. Jones. 

Paper 8 describes new processing structure relationships in MoS2 thin films that 
allows remarkable control of the surface properties of the material.  The concepts 
developed in this paper are currently fueling research efforts in diverse areas.  This 
concept was developed entirely by Chris Muratore. 

Co-Authored Papers 

9. Recent Advances in Hard, Tough, and Low Friction Nanocomposite 
Coatings. 

10. Tribological Performance of Hybrid Filtered Arc-Magnetron Coatings.   
Part I:  Coating Deposition Process and Basic Coating Properties 
Characterization. 

11. Plasma Diagnostics of Hybrid Magnetron Sputtering and Pulsed Laser 
Deposition. 

12. Tunable Friction Behavior of Oriented Carbon Nanotube Films. 

13. Self-Lubrication of Hot YSZ-Ag-Mo Nanocomposite Coatings. 

14. Silver Diffusion and High-Temperature Lubrication Mechanisms of  
YSZ-Ag-Mo Based Nanocomposite Coatings. 

15. Adaptive Mo2N/MoS2/Ag Tribological Nanocomposite Coatings for 
Aerospace Applications. 

16. Plasma Treatment of Carbon Nanotubes. 
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17. Electrical Switching Using Compliant Metal Infiltrated Multi-Wall 
Nanotube Arrays. 

Paper 9 is a review of nanocomposite coatings.  A section on temperature 
adaptive coatings was included and writted by Chris Muratore. 

Paper 10 describes a hard coating deposition process.  Chris Muratore provided x-
ray diffraction analysis that assisted the primary investigators in understanding the 
process chemistry. 

Paper 11 shows plasma characterization results in a novel synchronized pulsed 
laser/pulsed sputtering coating deposition process, and correlates the results to structural 
characteristics of materials processed under different conditions.  The idea was developed 
by Chris Muratore and Andrey Voevodin.  John Jones and Adam Waite performed 
spectroscopy in the plasmas. 

Paper 12 described the mechanical behavior of oriented carbon nanotubes.  
Plasma treatment and subsequent characterization of the nanotubes was performed by 
Chris Muratore and Andrey Voevodin in this collaborative work with Greg Sawyer at the 
University of Florida. 

Paper 13 is a summary of coating concepts developed by Chris Muratore and 
Andrey Voevodin, (covered in papers 1-5) found in Defense Tech Briefs.  The presence 
of our work in this venue may suggest that this work strongly appeals to the USAF.  The 
author of this document is unknown, but most figures and text were borrowed from 
papers 1-5 and Paper 14. 

Paper 14 describes results from microscopy studies if materials described in 
Papers 1,2,4 and 5 with some analysis provided by Chris Muratore. 

Paper 15 was a collaborative work with Samir Aouadi at Southeren Illinois 
University, Carbondale.  Professor Aouadi used the catalytic tribochemistry concepts 
described in Paper 3 to further explore surface chemistry phenomena in temperature 
adaptive tribological coatings. 

Paper 16 describes the processing work used in Paper 12.  The processes were 
conceived by Chris Muratore and he also performed characterization of all materials.  
Spectroscopy was performed by John Jones and Adam Waite. 

Paper 17 was submitted to the Journal of Materials Research and is a 
collaborative effort with Rensselear Polytechnic institute and the University of Florida.  
Chris Muratore and Andrey Voevodin developed techniques to metallized carbon 
nanotubes to produce different electrical and mechanical properties of interest for micro-
switching applications. 
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Presentations 

Below is a list of presentations that have been given by Chris Muratore on the 
work performed under this contract. 

1. “Adaptive nanocomposite tribological materials and an in situ FIB technique 
for TEM imaging of sliding contact interfaces”, (invited) C. Muratore, J.J. 
Hu, R. Wheeler, A.A. Voevodin, Materials Research Society Spring 
Meeting, March 24-28, 2008, San Francisco, California (USA).  

2. “Adaptive tribological nanocomposite coatings” (invited) C. Muratore, J.J. 
Hu, J.G. Jones, A.A. Voevodin, 54th Annual American Vacuum Society 
Symposium, October 14-19, 2007, Seattle, Washington (USA).  

3. “Recent Developments in Nanocomposite Tribological Coatings” (invited), 
C. Muratore, J.J. Hu, J.G. Jones, A. A. Voevodin, 18th Annual Advanced 
Coatings and Surface Engineering Workshop, April 19-21 2007 Golden, 
CO. 

4. “Nanocomposite coatings demonstrating temperature adaptation over 
multiple thermal cycles from 25-700 °C”.  C. Muratore, J.J. Hu, J.G. Jones, 
A.A. Voevodin, International Conference on Metallurgical Coatings and 
Thin Films, April 23-27, 2007, San Diego, CA, p.11. 

5. “Adaptive Tribological Coatings for High Temperature Sliding in Air” C. 
Muratore, J.J. Hu, J.G. Jones, A.A. Voevodin, Society of Tribologists and 
Lubrication Engineers (STLE)  2007, 62nd Annual Meeting, May 6-10, 
2007, Pennsylvania, PA. 

6. “Tribological Behavior of Pulsed Laser Deposited Mo (W)-S-Se-Te 
Composite Thin Films in Dry and Humid Environments.”  J.J. Hu, R.A. 
Wheeler, P. Shade, A. Shively, R.B. Kerns, D.H. Sergison, J.E. Bultman, 
J.S. Zabinski, J.H. Sanders, C. Muratore, A.A. Voevodin, Society of 
Tribologists and Lubrication Engineers (STLE)  2007, 62nd Annual 
Meeting, May 6-10, 2007, Pennsylvania, PA. 

7. “Adaptive nanocomposite coatings designed to provide lubrication 
throughout a broad temperature range and over multiple thermal cycles” 
(invited) C. Muratore, J.J. Hu, J.G. Jones, A.A. Voevodin, French Vacuum 
Society (SFV) 16th International Colloquium on Plasma Processes, June 4-8, 
2007, Toulouse, France. 

8. “Nanocomposite tribological coatings exhibiting reversible temperature 
adaptation” (invited), C. Muratore, J.J. Hu, A.A. Voevodin, 17th Annual 
Advanced Coatings and Surface Engineering Laboratory Workshop, April 
27-29, 2006, Golden CO. 

9. “Correlation of plasma flux composition to the structure and properties of 
engineered surfaces” (invited), C. Muratore, A.A. Voevodin, 17th Annual 
Advanced Coatings and Surface Engineering Laboratory Workshop, April 
27-29, 2006, Golden CO. 
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10. “Multilayered adaptive nanocomposite coatings exhibiting low friction 
throughout a broad temperature range” C. Muratore, J.J. Hu, A.A. 
Voevodin, International Conference on Metallurgical Coatings and Thin 
Films, May 1-5, 2006, San Diego, CA. 

11. “Multilayered adaptive nanocomposite coatings exhibiting low friction 
throughout a broad temperature range and multiple thermal cycles,” C. 
Muratore, A. A. Voevodin, J.J. Hu, 10th International Conference on Plasma 
Surface Engineering, September 10-15, 2006, Garmsich-Partenkirchen 
(Germany).    

12. “Growth and characterization of nanocomposite yttria-stabilized zirconia 
with Ag and Mo”  C. Muratore, A.A. Voevodin, J.J. Hu, J.G. Jones, J.S. 
Zabinski, presented at the International Conference on Metallurgical 
Coatings and Thin Films, May 2005, San Diego, CA. 
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